The previous identification of a membrane fatty acid binding protein (MFABP) Moreover, in the in vivo system of isolated perfused jejunal segments the physiologic significance of MFABP in the directed overall intestinal absorption process of fatty acids was documented. In the presence of the anti-MFABP oleate absorption was markedly reduced, whereas uptake of L-alanine remained unaltered. By antibody inhibition studies it was suggested that this membrane carrier also reveals transport competence for various other long-chain fatty acids, D-monopalmitin, L-lysophosphatidylcholine, and cholesterol. These data support the hypothesis that absorption of fatty acids is mediated by a fatty acid binding membrane protein.
Introduction
Although fatty acids represent the most important source of energy for the body, the mechanisms by which they are absorbed by the gut are incompletely understood. Due to the lipophilic character of fatty acids it was long assumed that they might diffuse directly through the phospholipid bilayer of the plasma membrane of mucosal cells before they undergo further intracellular metabolism (1) (2) (3) . This concept was challenged by the identification of high affinity binding sites for long-chain fatty acids on microvillous membranes of the jejunum and the isolation of a 40-kD fatty acid binding protein from these membranes (MFABP)' (4 was essential to use the cells within 2 h after preparation and to prevent their exposure to a temperature below 20'C, which markedly reduces Na+/K+-ATPase (8) .
Viability and purity of the mucosal cell preparations were assessed by phase contrast microscopy and trypan blue exclusion capacity. Additional criteria of viability were based on the intracellular K+-concentration determined by atomic absorption spectroscopy as well as the release of lactate dehydrogenase (LDH) (9) . Cellular uptake of [13H] oleate. Working solutions with [3H]oleate/ albumin complexes were prepared in incubation medium as previously described (4) . In such solutions the concentration of unbound fatty acids was calculated by the stepwise equilibrium constant method of Wosilait and Nagy (10) , employing the dissociation constant for the oleate/albumin complex reported by Spector et al. (1 1) . The [3H]oleate working solutions were incubated with 125 ,l of the isolated mucosal cells (2 X 106 cells/ml) in polypropylene tubes at a final volume of I ml (shaking waterbath, 370C). After certain incubation periods 200-M1 sample aliquots were pipetted into 3 ml of ice-cold 0.5% albumin in incubation medium to stop cellular influx and efflux, and to remove surface bound fatty acids. After gentle mixing for 2 min on ice, the samples were pipetted onto the center of a Whatman GF/C filter (24 mm) at a rate equal to the rate of filtration under 50 mmHg vacuum pressure using a filtration apparatus (model 7 H; Hoefer Scientific, San Francisco, CA). The cells were washed with 5 ml of the 0.5% albumin solution (40C) and thereafter with 20 ml incubation medium. Washing with more of the stop solution did not change the radioactivity remaining on the filter. The filters were placed in scintillation vials, 10 ml of Aquasol were added and the radioactivity was determined in a 1217 Rackbeta liquid scintillation counter (LKB-Wallac, Turcu, Finland). Nonspecific association of radioactivity to filters and cells was determined in each experiment by adding the cold stop solution before the addition of corresponding aliquots ofcells and [3H]oleate working solutions. This blank always constituted < 2% of the incubated radioactivity and was subtracted from values measured in the corresponding cellular uptake experiment. All incubations were performed in triplicate and all observations were confirmed with at least three separate cell preparations. The fraction of [3H] oleate that was esterified as well as the amount oxidized to CO2 during the course of uptake was determined as described (12) .
Further characterization of [3H]oleate transport. In studies in which the effect of Na+-depletion on uptake was examined, 125 200-Ml sample aliquots of the incubation system were pipetted into 3 ml of the medium (40C), filtered, and further processed as described. In preceding experiments it was shown that uptake of all L-[3H]alanine concentrations employed was maximal and linear over the initial 20-s incubation period, representing cellular influx, while it gradually decreased thereafter as a result of beginning cellular efflux. Therefore, the initial rate of uptake was determined from the difference between L-[3H]alanine taken up at 5 and 20 s. For determination of the effect of the antibody to MFABP on uptake of L-[3H]alanine, the cellular influx rate was determined in mucosal cells pretreated with the IgG fraction of the antiserum or preimmune serum as controls.
Absorption of [3H]oleate by in vivo single pass perfused jejunal segments
Perfusion system. In pentobarbital anesthetized, overnight fasted, male Wistar rats (200-250 g body wt) jejunal segments with a length of 10 cm beginning 5 cm distal to the ligament of Treitz were isolated. In control experiments colonic segments with a length of 10 cm were prepared. After careful digital expulsion of stool residues, the proximal and distal ends of both segments were cannulated. Thereafter, the segments were returned to the abdominal cavity, and the abdominal wall was closed. The loops were initially washed with saline (37°C) at a rate of 7 ml/min using a multispeed transmission peristaltic pump (Bromma Multiperpex; LKB Instruments, Mufnchen, FRG) for 10 min. Then the content was blown out to remove the residual isotonic saline, before luminal perfusion was started.
[3H]Oleate as well as the other labeled test substances were solubilized in 10 mM Na-taurocholate in 85 mM NaH2PO4/45 mM Na2HPO4 (pH 6.5). Perfusion media containing 1 mM methyl stearate or I mM cholesterol were fine emulsions, whereas all other media with lipophilic substrates were micellar solutions. Addition of 5 g/liter polyethylene glycol (PEG 4000) as a nonabsorbable marker (containing [14C]PEG; 5 MCi/liter) served to determine possible fluid shifts during the experimental procedure. Only in experiments where uptake of 14C-labeled compounds was examined was PEG added as [3H]PEG. The media used for the perfusion experiments were mixed with a high-speed ultrasonic homogenizer and during perfusion by a magnetic stirrer. The temperature of the continuously stirred infusate was kept at 37°C. The standard rate of perfusion was 0.4 ml/min for 30 min with 10-min collection periods. After each experiment the perfused segments were removed and their lengths and weights were determined. The length of jejunal segments was 10.4±0.9 cm, weighing 9.8±1.1 g, whereas colonic segments (9.8±0.9 cm) weighed 16 (12, 17) . For (12, 17) . The fatty acid composition of these preparations was quantitatively determined by a gas-liquid chromatography technique using a C17 fatty acid as internal standard as described earlier (17) . It was shown that only Ci8g: fatty acids were present in the infusate and effusate samples. The quantity ofthese fatty acids was correlated to the radioactivity in defined aliquots of both media. Since the radioactivity per mass offatty acid was identical in the infusate and in the effluent, it was concluded that the specific activity did not change during the course of the experiment.
Radioactivity determinations. 100-,gl aliquots of the effluent fractions were withdrawn in triplicates from each 10-min collection period, 10 ml of Aquasol was added, and the radioactivity was Determination of the monomeric activity of oleic acid in the medium. As an estimation of the monomeric fatty acid concentration in media with and without Na' the uptake of protonated [3H]oleic acid by polyethylene disks was determined according to Sallee (20) . Polyethylene disks (1 cm2) were cut from polyethylene film, I mm thick.
To remove any oil and debris the disks were washed in methanol and distilled water, and were dried before use. After equilibration in 5 ml of the [3H]oleate test solutions for 24 h (shaking waterbath, 370C), the disks were removed, rinsed vigorously in buffer, and the radioactivity associated with the disks was determined as described above.
Antibody inhibition studies. To determine the effect ofthe antibody to MFABP on the overall fatty acid absorption process, the lumen of the jejunal segment was perfused for 30 min (0.4 ml/min; recirculating system) with PBS containing per 100 ml 10 mg of the IgG-fraction of the antiserum or in control experiments 10 To nM. For all oleate-albumin complexes the initial cellular uptake velocity was determined as a measure of the actual translocation process of fatty acids across the plasma membranes. These unidirectional cellular influx rates were defined as the maximal and linear initial phases of the cumulative uptake curves. Accordingly, the time course of [3H] oleate uptake at all oleate/albumin molar ratios incubated was examined. For each oleate-albumin complex it was shown that over the initial 30-s incubation period uptake was maximal and linear, whereas it gradually decreased thereafter as a result of beginning cellular efflux ( Fig. 1; illustrated well below the critical concentration for the formation of micelles (24, 25) , it is evident that the apparent saturation kinetics were real and did not reflect substrate depletion. Uptake was also not limited by the oleate-albumin dissociation rates, since the maximal uptake velocity was at least 100-fold slower than the rate of spontaneous dissociation of all oleate-albumin complexes incubated (26 (4) . For evaluation whether MFABP may also mediate fatty acid influx into isolated jejunal mucosal cells, the effect of this monospecific antibody on the initial rate of cellular [3H]oleate uptake was determined. When [3H]oleate uptake by mucosal cells pretreated with the IgG-fraction of the antiserum to MFABP was compared to cells pretreated with the IgG-fraction of the preimmune serum, a significant inhibition of initial uptake velocity by the antibody was demonstrated. This inhibition was dependent on the concentration of the antibody, reaching a maximum at 100 ,gg IgG per incubation. Studies on influx kinetics as a function of the incubated unbound oleate concentration revealed a predominant noncompetitive type of inhibition of uptake by the anti-MFABP (Fig. 3) . This was evident by a marked decrease of Vmax (0.651±0.087 nmol X min-' per 106 cells in antibody pretreated cells vs. (Table II) .
To determine whether the inhibition of fatty acid uptake by the antibody marks a specific effect on the cellular fatty acid uptake system or represents a more general interference with membrane transport processes, the effect of this antibody on cellular influx of another actively transported substrate, L- and 10 mM Na'-taurocholate (pH 6.5) (Fig. 4) was significantly higher (P < 0.01) compared with the uptake rates at high (> 1 mM) intraluminal fatty acid concentrations (Fig. 4) . and 10 mM Na'-taurocholate at pH 6.5. As shown in Table  III .397 nmol X cm-' X min-') compared with the presence of Na+ (7.891±0.814 nmol X cm-' X min-').
Evaluation ofMFABP as responsible membrane transport protein in the overall intestinal absorption process offatty acids. In the system of isolated perfused jejunal segments the biologic significance of MFABP as carrier protein, mediating the uptake of luminal fatty acids into the mucosal cells was analyzed. This was of particular importance, since studies with isolated mucosal cells alone cannot differentiate whether the antibody to MFABP inhibits cellular fatty acid influx at the apical and/or basolateral pole of the mucosal cells. Although previous immunohistochemical studies showed that MFABP is predominately localized at the apical site ofjejunal mucosal cells (4), kinetic evidence was still lacking that it actually mediates the translocation of fatty acids across the MVM. Luminal perfusion with the IgG fraction of the antiserum to MFABP prevents interaction of the antibody with the basolateral pole ofthe mucosal cell and thus may allow direct determination of the effect of the monospecific antibody to MFABP on cellular uptake of fatty acids at the site ofthe MVM. Therefore, jejunal segments pretreated with the IgG fraction of the antiserum to MFABP were compared to control segments pretreated with the IgG fraction of the preimmune serum. The concentration dependent absorption kinetics of [3H]oleate were markedly reduced in segments pretreated with the antibody to MFABP compared to the controls (Fig. 5) . Since absorption was not completely inhibited by the antibody to MFABP, it is assumed that most of the remaining fraction is absorbed by the above described diffusional transport component. Furthermore, the effect of the antibody to MFABP on absorption of various other radiolabeled long-chain fatty acids,
alanine, all at concentrations of 1 mM, was examined. As shown in Table IV , uptake of the various long-chain fatty acids, D-monopalmitin, L-lysophosphatidylcholine, and cholesterol by antibody pretreated jejunal segments was inhibited by 36-53%. This suggests that the membrane fatty acid carrier protein may also reveal transport competence for other lipolytic products. In contrast, under identical experimental conditions perfusion with L-alanine revealed no difference of the absorption rates in presence or absence of the anti-MFABP. This also indicated the viability of the antibody pretreated jejunal segments.
Since the above observations suggest that fatty acid absorption by the jejunal mucosa represents at least, in part, a carrier-mediated uptake mechanism, it was of potential interest to examine uptake of [3H]oleate by an intestinal organ that is not known to participate in the long-chain fatty acid absorption process under physiological conditions. Therefore, a 10-cm colonic segment was perfused with 0.1-3 mM [3H]-oleate in presence of 10 mM Na+-taurocholate in Na+-phosphate buffer (pH 6.5). Under these conditions fluid shifts were (Table III) . This may in part be due to an enlargement of the micelles in the perfusate, which reduces their diffusion rate across the unstirred water layer towards the absorptive cell membrane (30, 31, 35 (Fig. 5) . This confirms the significance of MFABP as the responsible MVM carrier protein in the directed overall absorption process of fatty acids.
For determination of the specificity of this intestinal transport system, IgG-pretreated jejunal segments were perfused with various other radiolabeled compounds, all at a concentration of 1 mM. The antibody to MFABP induced a 36-53% inhibition of the absorption rate of various long-chain fatty acids, D-monopalmitin, L-lysophosphatidylcholine, and cholesterol. In contrast, uptake of L-alanine remained unaltered. Since radiolabeled short-and medium-chain fatty acids were not available for this study, they could not be included in those antibody inhibition experiments. The above results, together with those of the absorption studies in presence of various unlabeled substrates suggest that this membrane carrier system may have transport competence for long-chain fatty acids, Llysophosphatidylcholine, monoglycerides, and possibly even for cholesterol. Whether in addition other substrates, e.g., fat soluble vitamins, may also share this transport mechanism remains to be established. The suggestion that the membrane fatty acid carrier system has transport competence for various monomeric lipids needs to be confirmed now by other studies in which the affinity of these lipophilic substrates to the MFABP is determined.
Lack of inhibition of [3Hloleate uptake in presence of equimolar concentration of short-and medium-chain fatty acids is compatible with the hypothesis that not the carboxylic group alone, but the structure of the monomeric hydrocarbon chain may represent the major structural determinant for recognition by the membrane fatty acid transporter (steric or hydrophobic interaction). The indication that also fatty acid methyl ester, D-monopalmitin, and cholesterol may interact with the fatty acid membrane carrier system would support the concept that negative charge is not necessary for uptake.
The suggestion of a common membrane carrier protein, mediating the intestinal absorption of the bulk of lipolytic products generated by pancreatic enzymes represents a new aspect of the overall fatty acid absorption process. Although this is in contrast to the previous assumption of a passive diffusional membrane transport mechanism, it does not exclude that the absorption rate is in addition determined by the diffusion of the fatty acids containing mixed micelles across the unstirred water layer towards the microvillous membrane (30, 31, 35) .
Similar to the hepatocellular uptake of fatty acids it was speculated that fatty acid transport across jejunal microvillous membranes might also be driven by an active, Na+-dependent, potential sensitive translocation process, which was established in studies with basolateral rat liver plasma membrane vesicles (36) . In fact, when mucosal cell uptake of [3H]oleate bound to albumin in a molar ratio of 1:1 was examined in absence of Na+, the initial uptake rates were reduced by 51-61% (Table I) . Moreover, pretreatment of mucosal cells with 2 mM ouabain, which is known to inhibit the Na+/K+-ATPase, reduced the influx rate by 41%, suggesting that uptake might be linked to the activity of this enzyme maintaining the physiologic transmembrane Na+/K+-gradients. Furthermore, perfusion of the jejunal segment with Na+-free medium (isoosmotic replacement of Na+ with K+) resulted in a 41% inhibition of [3H]oleate absorption. Although those results may be compatible with a Na+-dependent transport system, it has to be considered that under those experimental conditions employing isolated mucosal cells and in vivo perfused jejunal segments, it is difficult to differentiate between the requirement of certain ionic gradients and induced electrical potential differences as responsible driving forces. In addition it remains unclear whether those effects are related to the membrane transport machinery or to interactions at the level ofother sites of intracellular metabolism. Therefore, it is planned to study the driving forces of fatty acid influx into jejunal mucosal cells in the experimental model of isolated jejunal microvillous membrane vesicles.
